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ABSTRACT: Group II introns are Mg 2+ -dependent ribozymes that are considered to be the evolutionary ancestors of the eukaryotic spliceosome, thus representing an ideal model system to understand the mechanism of conversion of premature messenger RNA (mRNA) into mature mRNA. Neither in splicing nor for self-cleaving ribozymes has the role of the two Mg 2+ ions been established, and even the way the nucleophile is activated is still controversial. Here we employed hybrid quantum− classical QM(Car−Parrinello)/MM molecular dynamics simulations in combination with thermodynamic integration to characterize the molecular mechanism of the first and rate-determining step of the splicing process (i.e., the cleavage of the 5′-exon) catalyzed by group II intron ribozymes. Remarkably, our results show a new RNAspecific dissociative mechanism in which the bulk water accepts the nucleophile's proton during its attack on the scissile phosphate. The process occurs in a single step with no Mg 2+ ion activating the nucleophile, at odds with nucleases enzymes. We suggest that the novel reaction path elucidated here might be an evolutionary ancestor of the more efficient two-metal-ion mechanism found in enzymes.
G roup II intron ribozymes (GIIRs) are self-splicing RNAs that are mostly found in bacteria and lower eukaryotes. They play an essential role in gene expression, being in charge of converting premature messenger RNA (mRNA) into mature mRNA.
1 These RNA macromolecules can autocatalyze their excision from an RNA strand via two distinct transesterification events (i.e., self-splicing; Figure S1 in the Supporting Information (SI)), yielding ligated exons and the intron in a lariat/linear form, or can also undergo a reverse splicing reaction into RNA/DNA filaments, contributing to gene diversification. Remarkably, they are believed to share common evolutionary origins with the eukaryotic spliceosome.
2 Indeed, it has recently been demonstrated that the RNA moiety of the spliceosome is exclusively in charge of catalysis, with the active site and a two-Mg 2+ -dependent mechanism similar to those of GIIRs.
2a,b Pre-mRNA splicing is a key biological process per se and turns into a critical one considering that its aberrations in humans are responsible for 13% of genetic diseases and other complex pathologies (cancer and neurodegeneration).
2c Hence, deciphering the mechanism of splicing at the atomistic level is of the utmost importance, as it may result in revolutionary gene modulation tools and novel therapeutic approaches. 2c A breakthrough in the chemistry of GIIRs splicing was provided by a series of crystal structures capturing a group IIC intron at sequential stages of the catalytic process.
3 These revealed an active site containing a four-metal-ion cluster made of two Mg 2+ and two K + ions, the former being catalytically active and the latter likely playing a structural role (Figure 1 and Movie S1).
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-dependent phosphodiester bond hydrolysis is believed to occur via a two-Mg 2+ -ion mechanism ( Figure S2 ), as proposed by Steitz and Steitz on the basis of DNA polymerase crystal structures and assumed to be representative also for GIIRs. 4 In their proposal, the two Mg 2+ ions act concertedly as Lewis acids to properly orient and activate the nucleophile and to stabilize the leaving group and the phosphorane transition state/intermediate ( Figure S2 ). This role, which has been confirmed in several computational studies of nucleases, 5 has not been assessed for two-Mg 2+ -dependent ribozymes. Moreover, for self-cleaving ribozymes the function and identity of general acid/base contributions are controversial, 6 mostly because of the lack of RNA residues with unperturbed pK a values around 7. 7 Thus, in computational studies aimed at characterizing their reaction mechanism, a preactivated nucleophile is often used 6a,b or the role of general base is either assigned to hydroxyl ions located in the vicinity of the nucleophile 6c or to nucleobases, sometimes in rare protonation states.
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In this work, we focus on the mechanism of the first and ratedetermining step of the splicing reaction of GIIRs, 3 in which the 5′-exon cleavage is mediated by a nucleophilic water molecule (Figures 1 and S1 ). By using classical and quantum− classical (QM(Car−Parrinello)/MM) molecular dynamics (MD), 8 with the QM part treated at the DFT-BLYP 9 level of theory, in combination with thermodynamic integration (see the SI for computational details), we reveal a novel dissociative two-Mg 2+ -ion mechanism in which the bulk water acts as the general base.
Our simulations are based on the Ca 2+ -inhibited structure upon replacement of Ca 2+ with Mg 2+ ions. The reliability of the initial adduct was assessed before the reaction was studied (section 1.4 in the SI and Figures S3−S7). The classical (∼200 ns) and QM/MM (∼10 ps) MD equilibrated reactant shows the putative catalytic water coordinated to Mg 2+ -A (MgA) 10 and a structural arrangement that is perfectly consistent with catalysis (i.e., the nucleophilic oxygen is in line with the scissile phosphate). However, there is no stable H-bonding network heading from the nucleophile to a putative general base that could activate it, 5 reconfirming the nontrivial assignment of the general base in ribozyme catalysis. We remark that although the X-ray structure of this GIIR lacks domain VI, which might include a general base, this reduced ribozyme construct is fully active for the hydrolytic pathway investigated here.
3 To address alternative viable mechanisms, we considered two additional model systems bearing nucleobases in rare protonation states at H-bond distance from the nucleophile: a G1 deprotonated at N1 and A287 deprotonated at N6. However, ∼50 ns of classical MD simulation for each model did not lead to a H-bonding network potentially capable of promoting catalysis ( Figure S8) . Instead, the bases of the D5 bulge (A376−C377) and those for which a pK a close to 7 has been reported (here A364−U384) 7 were not within H-bonding distance from the nucleophile. These may be implicated in the conformational switch occurring after the first step.
3a Finally, replacing the nucleophilic water with a hydroxyl ion resulted in a complete distortion of the catalytic site ( Figures S9 and S10 ), suggesting that a reaction path with a preactivated nucleophile can be ruled out either via canonical or alternative channels. 11 We then performed QM/MM blue moon ensemble simulations (∼100 ps) on the model with the nucleophilic water and nucleobases in standard protonation states, choosing as the reaction coordinate (RC) the difference between the breaking bond distance (O 1 ) is released to the bulk water (d8; Figure 2b ), the O nuc −P@G1 bond completely forms. By changing the QM/MM partitioning in favor of a more hydrated catalytic site, we observed a proton transfer to the bulk water involving up to five water molecules. (v) At RC = 2.1 Å, formation of the product occurs with structural features resembling those of the corresponding crystal structure (PDB entry 4FAR; 3a Figure S6 ). It should be noted that the leaving group (O 3 ′ − @U-1 of the 5′-exon) retains a negative charge (stabilized by coordination to MgB) to act as nucleophile in the second step of splicing ( Figure S1 ).
This process occurs with a Helmholtz free energy barrier (ΔF ⧧ ) of 18.8 ± 1.5 kcal/mol (Figure 2c , section 1.5 in the SI, and Figure S11 ), in line with the experimental catalytic rate of 0.011 min −1 , 3a corresponding to a ΔG ⧧ value of ∼23 kcal/mol. We remark that the measured rate constant also includes the slow Mg 2+ -dependent folding of GIIR, thus providing an upper limit to the splicing kinetics. Moreover, the calculated barrier is just slightly higher than the one calculated for RNase H with the same computational approach. 5a Additional control calculations performed on small model systems of the catalytic site for the reactant (R) and transition state (TS) using the B3LYP 9b,14 and BLYP 9 functionals and a localized basis set (section 1.5 in the SI), led to ΔG ⧧ values of ∼25 and ∼19 kcal/ mol, respectively, suggesting that BLYP slightly underestimates the barrier. To further check the trend of the free energy profile within the water deprotonation window (DEP), we also performed constrained QM/MM MD simulations with B3LYP for selected RC points. This confirmed that no additional barrier is associated with the proton transfer event, with the TS lying at the same RC value (section 1.5 in the SI and Figure S11) .
To establish the functional role of the observed structural rearrangements, we have plotted the dynamical RESP 8b (D-RESP) charges along the RC (Figure 2d ). These were dynamically calculated during our QM/MM MD simulations, allowing us to monitor the changes in the chemical state of the system along the reaction. This analysis reveals an increase in the P@G1 charge and a decrease in the O 3 ′@U-1 charge just before the TS is reached, in line with a dissociative mechanism.
At the TS, the O nuc −P@G1 bond (d2) starts to form, and consequently, the charge on P@G1 decreases again, while that on O Rp @G1 maintains an increasing trend as O Rp @G1 progressively moves toward MgA and detaches from MgB. Finally, after the TS, the nucleophilic water becomes a hydroxyl group by releasing its proton (H 1 ) to the bulk and completely forming the O nuc −P@G1 bond. This dissociative mechanism clearly points to a distinct catalytic process from the canonical two-Mg 2+ -ion mechanism observed in enzymes. 5 Here MgA activates the electrophile rather than the nucleophile, strongly contributing also to the stabilization of the metaphosphate at the TS, while the water is converted into an OH − group only after the formation of the O nuc −P@G1 bond has started. In this manner, the proton release to the bulk occurs with no barrier and without the need of a specific base. To the best of our knowledge this is the first mechanistic study suggesting the bulk water as a possible proton acceptor, offering a proposal for the controversial assignment of the general base in ribozymes.
In summary, our study unveils a dissociative mechanism in which the role of Mg 2+ ions remarkably differs from that reported for most enzymes. We believe that this novel mechanism is specific for the ribozyme scaffold. In fact, in enzymes the active site is shaped to host a specific substrate and each residue has a functional role to enhance catalysis. Conversely, in ribozymes the catalytic site is formed by the RNA sugar−phosphate backbone, whose specificity for the reaction is lower than that of amino acids. We have shown here that ribozymes, considered the evolutionary ancestors of enzymes, can perform phosphodiester hydrolysis almost as effectively as the latter by adapting the mechanism to their less specific RNA scaffold. This mechanism opens a new scenario concerning the identity of general acid/base in ribozymes, which will stimulate further experimental and computational studies.
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